Cerebral small vessel disease, mainly characterized by white matter lesions and lacunes, has a high clinical impact as it leads to vascular dementia. Recent studies have shown that this disease impairs frontoparietal networks. Here, we apply resting-state magnetic resonance imaging and data-driven whole-brain imaging analysis methods (eigenvector centrality) to investigate changes of the functional connectome in early small vessel disease. We show reduced connectivity in frontoparietal networks, whereas connectivity increases in the cerebellum. These functional changes are closely related to white matter lesions and typical neuropsychological deficits associated with small vessel disease.
INTRODUCTION
Cerebral small vessel disease (SVD) or cerebral microangiopathy describes a state of impaired blood circulation in the arterioles of the brain and is an important cause of cognitive impairment and vascular dementia. 1, 2 Magnetic resonance imaging (MRI) is successfully employed to identify lacunar infarcts, white matter lesions (WMLs, example in Supplementary Figure S1 ) and alterations in white matter diffusivity in this disease. 3 These indirect markers can be related to cognitive impairment. 1, 3 It has been shown that white matter integrity affects functional connectivity. 4 However, the effects of small WML on functional connectivity remain widely unknown.
Although patients in early SVD, a pre-stage of vascular dementia, 3 show behavioral differences, the underlying alterations of large-scale functional connectivity might provide us with a more objective measure of the effects of WML. Objective and early clinical diagnostics might aid and complement therapeutical interventions.
In this study we aim to identify alterations in the functional connectome owing to SVD using resting-state functional MRI (rs-fMRI). Alterations in connectivity have been reported for the posterior cingulate cortex 5, 6 and in the default mode network. 7 As recent investigations have demonstrated a cerebellar role in cognitive processes, 8 we also included the cerebellum in our analysis. Subsequently, we assess the behavioral relevance of the functional changes.
For analyzing the human connectome, network centrality analysis has become an important tool which captures the importance of each brain region by its connectedness. 9 We use this data-driven approach to investigate the relationship between whole-brain alterations, physiologic scores and behavioral performance in patients suffering from early SVD. As our patients were mainly affected by WML in frontal and parietal areas, we hypothesized reductions of particularly frontoparietal connectivity in correlation with WML. White matter hyperintensities are consistently associated with neuropsychological impairments, namely psychomotor slowing. 1, 2 We hypothesized a reduction of connectivity in areas particularly involved in attention processes such as the inferior frontal junction, and complex motoric actions such as premotor and supplementary motor area.
MATERIALS AND METHODS
rs-fMRI, T1-and T2-weighted anatomic data were acquired from all patients and controls. rs-fMRI data were acquired using an echo-planar image pulse sequence (300 volumes, TR of 2.3 seconds, voxel resolution of 3 Â 3 Â 4 mm 3 ). T1 anatomic scans were obtained using a MPRAGE sequence (voxel resolution of 1 mm owing to microangiopathic alterations (age-related white-matter changes 10 (ARWMC) score 42) and one patient owing to a cerebellar infarct. Patients had been diagnosed with SVD after thorough clinical examination and all had an ARWMC score 42. Further exclusion criteria for all subjects were a history of psychiatric or neurologic disorders including stroke, craniocerebral injury, neurodegenerative disease or dementia. The research protocol was approved by the ethics committee of the University of Leipzig and was in accordance with the latest version of the Declaration of Helsinki. All participants gave informed written consent.
T2-weighted and FLAIR images were rated independently by two experienced clinicians blind to the clinical data according to the ARWMC scale. 10 WML were defined as hyperintensities on both T2-weighted and FLAIR images of 45 mm in diameter. Lacunes were defined as hypointense signal alterations on both T2-weighted and FLAIR images 42 mm in diameter and rated within the same regions. Alterations 415 mm in diameter were rated as infarcts and respective subjects excluded. Interrater agreement measured with intraclass correlation coefficient k was high (WML score k ¼ 0.98; lacunes score k ¼ 0.89). The two ratings were averaged for further analyses. Neuropsychological testing was performed using the Consortium to Establish a Registry for Alzheimer's disease (CERAD) test battery including tests of global functioning (MiniMental State Examination, MMSE), executive function and speed 3 (TrailMaking-Test part A and B, phonemic and semantic fluency). In addition, executive functions were assessed by a Stroop task. 2 Further subtests of the CERAD were included to control for memory abilities (word list immediate and delayed recall, recognition and figure recall), visuoconstructive abilities (figure copying) and word-finding (Boston Naming Test). A vocabulary test was administered to match groups for premorbid verbal intelligence (Supplementary Table S1 ). The testing was performed by two experienced psychology master students balanced across groups within 90 minutes.
rs-fMRI data were preprocessed using FSL, AFNI, and SPM. The steps comprised: discarding the first four volumes, slice-time correction, B0-fieldmap and motion correction, 6 mm FWHM spatial smoothing, fourdimensional mean-based intensity normalization, removing linear and quadratic trends, regressing out eight nuisance signals (white matter, cerebrospinal fluid and six motion parameters), band-pass temporal filtering (0.01 to 0.1 Hz). Spatial linear normalization to MNI space was performed using individual skull-stripped T1 as a prior. Supplementary Material contains a more detailed description.
Eigenvector centrality (EC) is a network centrality analysis 9 which reflects local connectivity and weights each connection by its importance. Connections to regions which are themselves highly connected receive a higher weight and vice versa. EC is computationally efficient which enables centrality mapping on the voxel level and does not require any initial thresholding of connections. We used the EC implementation in LIPSIA.
For statistical testing we used AFNI with age, gender and micromovements as covariates. Micro-movements were measured in average frame displacement which is the average of rotation and translation differences across time-points in mm. We performed a two-sample t-test for our group effect and whole-brain correlation analysis between the centrality of every voxel and the physiologic and behavioral scores across all individuals (patients and controls). Changes in connectivity with respect to clinical symptoms were only evaluated in those behavioral tasks where patients showed significantly poorer performance in comparison with healthy controls (Supplementary Table S2 ). All centrality group results were thresholded with Po0.01 on a voxel and Po0.05 at a cluster level (39 voxels) using AlphaSim (AFNI). Visualization of the cerebrum was performed using SUMA, flat maps of the cerebellum were created with CARET and SUIT.
RESULTS
The group comparison of functional connectivity yielded significant centrality changes in SVD ( Figure 1A 
and increased centrality in bilateral inferior temporal gyrus (ITG, r ¼ 0.52) and left middle temporal sulcus (MTS, r ¼ 0.68). In the cerebellum, connectivity was increased in left lobules VIIb/VIII and Crus II in the patient group (r ¼ 0.67). Correlation of lacunar scores with centrality did not reveal significant results.
Relevance of changes in connectivity to clinical symptoms is represented as significant correlations between task performance measures and the centrality measure (Figure 2 ). Patients showed a slower processing speed in the Trail-Making-Test part A (TMT-A), the neutral and incongruent conditions of the Stroop task, and semantic and phonemic fluency measures (Supplementary Table 2 Figure 2D ). We found performance in the TMT-A and the phonemic fluency task to be linearly dependent (r ¼ À 0.47, P ¼ 0.007), the incongruent condition of the Stroop task was correlated with the TMT-A (r ¼ 0.59, P ¼ 0.0004) and the phonemic fluency task (r ¼ À 0.53, P ¼ 0.002). None of the other presented task parameters showed collinearity. For semantic fluency no significant association with centrality was observed. Supplementary Figures S2-S7 present scatter plots of the corresponding results in Figures 1 and 2 . Supplementary Figures S8 and S9 represent the correlation between centrality and time needed in TMT-A and Stroop neutral condition without the respective slowest subject, who might be regarded as an outlier and suspected to have driven the results. Removing this subject did not change the analysis' results substantially.
DISCUSSION
In this study we investigated alterations of the functional connectome owing to early SVD and evaluated their relevance to clinical symptoms. For the group difference we have shown a breakdown of frontoparietal hubs in patients with early SVD, closely related to WML scores. Effects can be explained by the disruption of frontoparietal white matter pathways owing to WML, which in our sample were mainly located in frontal and parietal areas (Supplementary Table S1 ) and gives further evidence for the hypothesis that frontoparietal networks are primarily disrupted in SVD. 2, 11 The reduction of centrality in the vmPFC and SPL are in line with results by Yi et al. 7 We found fewer widespread group differences, which might be explained by the earlier disease state of our patient cohort (MMSE of 27.6±1.5 compared with MMSE of 25.7 ± 2.7) or the different centrality method (degree centrality) used. Reduced connectivity to the medial frontal cortex owing to white matter hyperintensities was also found by Wu et al. 6 Although our cohort was not suffering from dementia (Supplementary Table S1 , S2) the subjects with more severe disease state showed reduced centrality in the PCC, an area which has been shown to have reduced metabolism and perfusion in Alzheimer's disease and its prodromal syndrome mild cognitive impairment. 12 This finding is particularly interesting as Alzheimer's disease is often associated with SVD.
The relevance of our brain findings for clinical symptoms revealed that the lower the centrality in sensorimotor areas, the slower the reaction times in the TMT-A and the two conditions of the Stroop task. Together with positive correlations between centrality in secondary sensorimotor areas and phonemic fluency these findings reflect upon the concept that WML express itself in mild psychomotor slowing rather than a severe degree of specific cognitive impairments. 1, 2 Although correlations between neuropsychological test scores and centrality measures identified additionally prefrontal areas, known to be related specifically to executive dysfunction, 2 the group and correlation analysis with WML scores did not confirm effects in these brain regions.
Task-fMRI studies report increased and decreased activation in association with WML. Venkatraman et al 13 report a reduced activation in motor and premotor areas during psychomotor performance in individuals with more WML. However, Aizenstein et al 14 found that patients with late life depression show a positive correlation between activation in prefrontal and limbic areas and WML using an affective reactivity task. Although we also found premotor and higher-order regions to be affected by WML, the relationship between functional connectivity and activation is complex 15 and difficult to interpret. The consistent inverse pattern of increased centrality in the cerebellum and decreased centrality in the cerebrum has, to our knowledge, not been reported in SVD yet. We found connectivity changes in cerebellar regions which are connected to frontoparietal cognitive networks (lobules Crus II, VIIb) as well as sensorimotor regions (lobules I to V, VIII). 8 As WML occur mainly in frontoparietal regions, one might hypothesize that frontoparietal hypoconnectivity might be compensated by cerebellar hyperconnectivity.
Although SVD is a heterogeneous disease which makes group analysis and region-specific hypothesis testing difficult, the application of data-driven centrality analysis enabled us to identify affected network hubs. This cross-sectional human imaging study only provides correlational but no causal associations which might be approached by longitudinal study designs. Micro-movements represent another limitation of the current study. Although we could not find a significant group difference (Supplementary Table  S1 ), we accounted for this potential bias by using average frame displacement as a covariate in our analyses.
In conclusion, our study provides a link between the disruption of white matter pathways, behavioral impairment and functional interaction between gray matter regions in early SVD.
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